Spinal microstructures are known to substantially affect cerebrospinal fluid patterns, yet their actual impact on flow resistance has not been quantified. Because the length scale of microanatomical aspects is below medical image resolution, their effect on flow is difficult to observe experimentally. Using a computational fluid mechanics approach, we were able to quantify the contribution of micro-anatomical aspects on cerebrospinal fluid (CSF) flow patterns and flow resistance within the entire central nervous system (CNS). Cranial and spinal CSF filled compartments were reconstructed from human imaging data; microscopic trabeculae below the image detection threshold were added artificially. Nerve roots and trabeculae were found to induce regions of microcirculation, whose location, size and vorticity along the spine were characterized. Our CFD simulations based on volumetric flow rates acquired with Cine Phase Contrast MRI in a normal human subject suggest a 2-2.5 fold increase in pressure drop mainly due to arachnoid trabeculae. The timing and phase lag of the CSF pressure and velocity waves along the spinal canal were also computed, and a complete spatio-temporal map encoding CSF volumetric flow rates and pressure was created.
Introduction
Despite precise MR observations of cerebrospinal fluid (CSF) velocities (Laitinen 1968), brain motion (Zhu et al., 2006) and ventricular wall dilatations (Enzmann and Pelc, 1992) , critical questions remain about CSF dynamics in the CNS: What is the exact nature of the force coupling between the pulsatile blood circulation and CSF displacements? (Marmarou et al., 1975; Marmarou et al., 1978) How is the pulsatile expansion and contraction of the cerebrovascular bed transmitted to the CSF and the brain? The source of the volumetric dilations that actually induce CSF motion remain uncertain, even though major cerebral arteries, the oscillatory displacement by the parenchyma or choroid plexus expansion are likely involved. Moreover, the caudal decrease in CSF flow amplitude along the spinal canal (Alperin et al., 2005; Tain et al., 2011) supports the notion of compliant leptomeningeal boundaries lining the fluid-filled spinal subarachnoid space (SAS). Hence, the observed CNS compliance could result from cyclic displacement of blood inside large spinal veins, or the expansion of CSF-filled spaces against elastically deformable epidural tissues. Nevertheless, the biomechanics of deformations of the entire spinal compartment remain unclear.
Subject-specific CSF flow measurements may be significant for improving noninvasive diagnostics of pathological conditions. For example, the amplitude ratio between the aqueduct and prepontine CSF flows were found elevated in hydrocephalus patients compared to normal subjects (Zhu et al., 2006) . Because in vivo MR measurements have limited image resolution and practical scan durations restrict the number of observed regions of interest, many researchers have attempted to address fundamental questions regarding CNS with computational fluid dynamics (CFD) techniques dynamics especially under pathological conditions. Early CFD models used small sections of the CNS with idealized geometries (Gupta and Poulikakos, 2008; Kurtcuoglu et al., 2005; Kurtcuoglu et al., 2007; Linge et al., 2010; Loth et al., 2000 
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approaches used medical image reconstruction to represent subjects-specific anatomical spaces to enhance the model fidelity (Gupta et al., 2010; Linninger et al., 2007; Roldan et al., 2009; Rutkowska et al., 2012; Somayaji et al., 2008; Sweetman and Linninger, 2011; Sweetman et al., 2011). Haller and Low (1971) showed that spinal microanatomy induces complex mixing eddies. Stockman studied the impact of nerve roots and trabeculae on convective flow with Lattice Boltzman simulations in idealized cylindrical spine models (Stockman, 2005; Stockman, 2007) . Gupta presented an analytical solution to oscillating fluid in a representative elliptical annulus representing a spinal segment directly inferior to the cisterna magna (Gupta et al., 2009 ). Based on a simulated porous model of the cerebromeduallary cistern and spinal SAS, they conclude that subresolution microstructure density and radius can triple the pressure drop in CSF flow (Gupta et al., 2009 (Gupta et al., , 2010 . Several groups investigated CSF flow patterns in Chiari patients relative to normal subjects (Martin et al., 2013; Roldan et al., 2009; Rutkowska et al., 2012) . Yiallourou et al. (2012) compared flow measurements in normal subjects and patients suffering from Chiari malformation with a CFD model of a cervical segment of the spine. During the review process of this paper, an updated report to the earlier CFD simulation paper of the same group including artificial nerve roots appeared (Heidari Pahlavian et al., 2014 ). Yet none of these studies performed CFD simulations on the entire CNS and included microanatomical trabeculae in the spinal SAS.
The goal of this paper is to address several critical questions regarding the spatiotemporal coupling of the cranio-spinal CSF compartments by performing CFD simulation on an entire CNS model of a normal subject. This study tests the hypothesis that microanatomical structures generate significant vortex phenomena in spinal CSF flow which increase flow resistance, raise pressure drop, and induce complex mixing patterns responsible for the rapid biodispersion of moieties administered to the spinal SAS. To account for the influence of detailed spinal anatomical structures, nerve roots were reconstructed from medical images; arachnoid trabeculae below the imaging threshold were artificially incorporated to the subject-specific computational mesh. This paper constitutes a first step towards a complete in silico model of CNS dynamics with full coupling between CSF, blood and brain. To augment the limited scope of previous studies, it is critical to account for the entire CNS including the cranial and spinal SAS with their microscopic aspects. Modeling the complete CNS eliminates the burden of introducing uncertain assumptions about internal boundary conditions. Therefore, a parametric study to quantify the influence of microanatomical aspects on CSF dynamics and flow resistance and drug transport was conducted.
Methods

CSF spaces, in vivo velocity measurements and CFD simulations
Methods used are summarized here in brief, while details are presented in the Supplementary Material. A subject-specific computational model of the cranial and spinal CSF-filled spaces including nerve roots was reconstructed from medical images, up to detail limited by resolution of the dataset using MIMICS image processing software (Appendix 1.2). CSF flow measurements were acquired from the 29 year old volunteer with CINE MRI at three planes in the spinal SAS (Appendix 1.1).
The cranial pial surface and the epithelial surfaces of the choroid plexi in the lateral ventricles were periodically displaced to account for pulsatile expansion and contraction of the cerebral vasculature. Explicit deformable boundaries were also applied at the thoracic and lumbar spine (Appendix 1.3). To assess the impact of microanatomical features below the imaging resolution, arachnoid trabeculae were artificially added to a 3 cm long cervical spine segment, visualized in Fig. 1 and discussed in Appendix 1.4. Fluid flow was solved with ANSYS 14.0 Fluent on Blacklight at the Pittsburgh Supercomputing Center (Appendix 1.5). Fluid flow parameters such as volumetric flow rate, stroke volume, Womersley, and Reynolds number are calculated at each plane to characterize flow profiles and compare with MRI measurements (Appendix 1.6). Upon close inspection of the original MR images and the reconstructed subject-specific models the authors determined that the geometry was reasonably symmetrical along the mid-sagittal plane and utilized a symmetry boundary condition to reduce mesh size and computation time.
Drug transport simulations
To assess the impact of nerve root induced CSF mixing patterns, intrathecal (IT) drug infusion in the lumbar region was simulated in multiple scenarios; more details on the IT drug delivery protocol can be found in prior work (Hsu et al., 2012) . The advection-diffusion of bupivacaine in Eq. (1) was solved for a period of 12 h post injection. Here, the drug concentration is C(x,t), and the diffusivity is D¼ 2.1n10 À 10 m 2 s À 1 . The pulsating convective CSF flow field, u(x,t), was computed as described above. Drug metabolism and uptake were considered negligible
3. Results
Analysis of CSF flow fields in the full SAS model
The simulated CSF flow velocities are visualized as contour plots on axial planes of interest for a full cardiac cycle, in Fig. 2 . Systole lasts about 25-35% of the cardiac cycle with a sharp forceful peak in the craniocaudal direction, this phase is color coded in red. Diastole covers the remainder of the cardiac cycle with a slower, more even flow in the caudocranial direction, color coded in blue. Regions of low velocities, ||v||o0.1 cm s À 1 , are coded in green to highlight temporary stagnation and transition of flow direction. Simulated peak planeaveraged velocities for systole and diastole are presented in Table 1 .
The pressure wave depicted in Fig. 3 shows a short forceful peak during systole followed by reversal during the slower diastolic phase. A fast traveling wave enters the spinal cord cranially and can be traced caudally. The timing of the pressure in the spinal SAS follows the pulsatile dynamics of cerebro-arterial expansion. MR imaging has shown that during systolic vessel expansion, fast craniocaudal CSF displacements can be observed in the aqueduct, the cisterna magna and the cervical SAS, while during diastole there is flow reversal due to the rostral recoil of the spinal CSF (Klarica et al., 2013) . Also, peak pulse amplitude becomes gradually smaller in the caudal direction. In the cervical region, amplitudes are 223/99 Pa (sys/diast), reduce to 129/52 in the thoracic, and drop to 45/18 in the lumbar region. Pressure predictions for all axial planes are listed in Table 1 .
Volumetric flow profiles and stroke volume ratios are visualized in Fig. 3 . Peak volumetric flow rates and stroke volume decrease caudally along the spine. The simulated volumetric flow rate lags behind the pressure wave across the entire spine with the least at CM, phase angle 7.21, and greatest at S3 with phase angle of 64.81; phase angles for all regions are reported in Table 1 . Phase angle at each plane is calculated as the peak-to-peak difference between pressure and velocity waves. CSF phase lag is not well characterized; Wagshul et al. reported values at the C2 level, þ10.8711.21 (posterior) and À 0.5710.81 (anterior). Our C4 phase lag is 10.81, comparable to their reported range (Wagshul et al., 2006) . Womersley numbers were calculated using Eq. (11) (Appendix 1.6) to characterize flow conditions due to a pulsatile pressure gradient. Fig. 4 plots trajectories of volumetric flow rates for one cardiac cycle acquired in the volunteer (thick lines). For comparison, simulation results are displayed as filled curves. Flow profiles of our MRI data and CFD simulations depict caudal flow as red and cranial flow as blue. At the C4 level, both measured and simulated profiles have a rapid increase in caudal flow, which tapers off over 25-35% of the cardiac cycle. Cranial flow for MR data and predicted values is gradual with lower peak amplitudes than systole. MRI stroke volume and predicted values match well for all planes. The difference in the stroke volume between simulated magnitudes and MRI data is less than
